The methods and device for estimation of cardiac output and measurement of pulse wave velocity simultaneously is presented here. The beat-to-beat cardiac output as well as pulse wave velocity measurement is based on application of electrical impedance method on the thorax and calf. The results are demonstrated in a study of 24 subjects. The dependence of pulse wave velocity and cardiac output on heart rate during rest in patients with an implanted pacemaker was evaluated. The heart rate was changed by pacemaker programming while neither exercise nor drugs were applied. The most important result is that the pulse wave velocity, cardiac output and blood pressure do not depend significantly on heart rate, while the stroke volume is reciprocal proportionally to the heart rate.
Introduction
Pulse wave velocity (PWV) and cardiac output (CO) are essentially parameters for appraisal of the cardiovascular system. PWV is a marker of arterial stiffness and atherosclerosis. Structural changes are one of factors, by which arterial stiffness can be affected. They involve the composition of the arterial wall [1] . In several studies estimations of dependence of PWV on heart rate were proved to be different, e.g. [3] , [4] , [5] . Similarly, it is well known that the magnitude of the stroke volume (SV) is, among other things, dependent on heart rate (HR) [1] , [2] . Monitoring of the CO and PWV during rest with respect to HR in patient with an implanted pacemaker could be important for deepening the knowledge about hemodynamics of cardiovascular system. Likewise it could help to basic setting of pacemakers. Heart rate was changed by pacemaker programming while neither exercise nor drugs were applied. The bioimpedance method appears to be an appropriate method, because it is absolutely non-invasive and unpretentious for patients and does not require any special knowledge of medical personal. Our goal is to prove results in [3] , [4] and [5] on our set of patients. At the same time we want to test using of the bioimpedance method for PWV measurement by the device designed in the ISI Brno [6] in clinical research.
Material and methods
The present study was performed in 44 volunteers, who had an implanted pacemaker. Pacemaker implantation was performed at least one year before measurement and the patients were investigated during a regular check-up at the clinic. Within experiment, subjects were in the supine position on the examination bed in a wide-awake state. Each measurement consists of at least eight intervals of 6 minutes each according to the sequence (with HR controlled by the pacemaker): HR=80bpm; HR=120bpm; HR=80bpm; HR=100bpm; HR=80bpm; HR=100bpm; HR=80bpm; HR=120bpm.The following biological signals were recorded continuously: ECG (6 or 12 leads), blood pressure by Finapres-2300 (Ohmeda), phonocardiogram (PCG), bioimpedance of thorax and calf. At the beginning and the end of the measurement, the blood pressure from the cuff on the patient's left arm was recorded manually. The analogue signals were sampled at 500 Hz, and converted to digital form by a 16-bit Analogue-to-Digital Converter; data was stored in binary files for subsequent analyses. Two current sources were used for measurement of bioimpedance, see Figure 1 . The separation of channels was accomplished by the frequency offset of 2 kHz (i.e. 50 kHz and 52 kHz) [6] . For the estimation of stroke volume (SV), the Sramek-Bernstein equation was applied [2] , [7] . The left ventricular ejection time (LVET) was calculated from energy of the PCG by filtering and subsequent detection of the heart sounds, see Figure 2 . [8] . Cardiac output (CO) was calculated by multiplying SV and HR.
Pulse wave velocity (PWV) was determined using the following formula: PWV=L2/Δt, where: L2 is distance between the centres of voltage electrodes on thorax and calf (see Figure 1. ), Δt is time delay between maximum of derivative impedance signals from thorax (-dZ thorax /dt) and calf (-dZ calf /dt), see Figure 2 .
Results
Only those subjects, for whom it was possible to securely evaluate all parameters on HR=80, 100 and 120 bpm were chosen for statistical analyses. The statistical group consisted of 24 subjects, average age 74,6±9,4 years (20 men and 4 women). Reasons for elimination were: signals interruption or corruption, a lot of artefacts, extrasystoles, etc. Every selected subject for further evaluation had to have all measured signals with enough quality on all HR. Following hemodynamic parameters were computed from available signals: SV, LVET, CO, PWV, systolic blood pressure (SBP), diastolic blood pressure (DBP), pulse pressure (PP) and mean arterial pressure (MAP). The following normalization was done for a comparison between individual parameters in the whole group. Parameters for every subject were normalized individually so that its mean value over all HR was taken and subsequently, the corresponding parameter was normalized to this value. These mean relative changes ( standard deviation) and p-value are displayed in Table 1 . A two-sided sign test was used to determine whether the parameters come from a continuous distribution with zero median. The p-value<0,05 was detected as significant. Figure 3 . shows the relative changes in box plot, where a chain line is 100% (mean of absolute value). 
Discussion and conclusion
The presented study investigates behaviour of cardiovascular system in dependence on heart rate. A group of 44 subjects was examined by the bioimpedance method on the thorax and on the calf. At the same time the continuous BP, PCG and ECG signals were registered. On the basis of available signals chosen hemodynamic parameters (CO, SV, LVET, PWV, SBP, DBP, PP and MAP) were evaluated. This study was aimed on pulse wave velocity and the cardiac output (or stroke volume) primarily. For our results group of 24 subjects (from 44 subjects, who was measured) were carefully chosen. Other 20 subjects were eliminated due to errors and/or artefacts in measured signals (often due to estimation of CO), which were mainly caused by the health state and age of the subject. This selection was done to obtain as reliable results as possible. The HR was changed by the programming of pacemaker, without of exercise, drugs, etc. The bioimpedance method was used to determine CO and PWV. The obtained parameters were statistically processed. It was found that CO and PWV do not change significantly on HR at paced patient during rest (see Table 1 and Figure 3. ). There is 2,9% decrease in PWV and 1,2% decrease in CO across whole HR interval (80-120bpm). It follows that the CO and PWV do not significantly depend on HR at rest in patients with an implanted pacemakers. It was also found that the bioimpedance method is possible and robust method for PWV evaluation.
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